The purpose of this study was to identify, through multivariate analyzes, the physical and chemical characteristics of the soil that best explain the initial development of eucalyptus treated with limestone and lime sludge. This study was conducted in 2014 in the municipality of Três Lagoas (MS). Three treatments were experimented corresponding to the applications of (i) limestone, (ii) lime sludge, and (iii) control or application of neither limestone nor lime sludge. The principal components analysis identified that Group 1 assembling gravimetric moisture, hydrogen potential, calcium and aluminum and, Group 2 composed of contents of sand, clay, phosphorus and organic matter explained 54.96% of the total variability that showed higher discriminatory power of eucalyptus height and diameter variation at breast height. The treatment with limestone showed a contrast between high pH and high Ca content, but low levels of aluminum.
Introduction
Commercial eucalyptus farming has been increasingly recommended for pulp and paper production, due to its excellent volumetric yield and good wood quality. This good performance of the crop is a result of combined actions that include intense genetic improvement of the species, proper management of plantation and the use of tools that support the decision-making process to increase wood productivity .
The area covered with eucalyptus in Brazil is significant; around 5.6 million hectares. It is the fourth crop in total area cultivated in the country, behind soybean, corn and sugar cane (Perpetua et al., 2017) . The development of the Brazilian forest-based industry is a result of high productivity of the trees planted in the country, reaching on average 36 m 3 ha -1 year -1 for eucalyptus (IBÁ 2017; Nogueira Filho et al., 2017) . At the same time, the exported volume of pulp has increased in recent years, making Brazil the world's fourth largest producer of eucalyptus and the second largest exporter of pulp, with 18.8 million tons per year (IBÁ, 2017 ).
In the current context of eucalyptus expansion, a more sustainable production should be considered. However, this concept directly involves sustainability of the soil and the environment, which depend on factors such as management decisions made by producers in the forest community and other agricultural managers, incentives to soil conservation, and the use of industrial waste as forest soil fertilizers (Keesstra et al., 2016) .
In the search for sustainable production of eucalyptus, the residues from wood processing for pulp production have been used as forest soil correctives and fertilizers (Rodriguez et al., 2018) . These residues have been used as soil conditioners and as a source of nutrients, resulting in improved soil characteristics required for the economic development of forest plantations (Maciel et al., 2015) .
With multivariate techniques, it is possible to describe similarities between the samples, generating a grouping of sampling points, and discriminate soil characteristics with more variables from the original data. These evaluations would not be possible with univariate statistics (Albuquerque et al., 2015) . Multivariate techniques allow simultaneous evaluation of many characteristics taking into account and the correlations between them (Paye et al., 2012) .
Techniques like cluster analysis, complemented with the principal component analysis, can be applied in this context. Its purpose is to explain the multivariate structure of the original data, condensing relevant information into orthogonal axes called principal components, and graphs like dendrogram present a subdivision of groups and seek maximum homogeneity between the samples in the group and maximum heterogeneity between the groups (Cheng et al., 2016; Khaledian et al., 2017) . Therefore, this approach can identify which physical and chemical characteristics of the soil directly influence the initial growth of eucalyptus, thus eliminating the analysis of characteristics that express poor response to eucalyptus development .
Considering the above, the research hypothesis was that the highest eucalyptus, eucalyptus diameter at breast height and soil nutrient contents would occur with the application of lime sludge + oxyfertil sludge when compared to the application of limestone and the control. Therefore, the objective of this work was to identify, by means of multivariate analyses, the physical and chemical characteristics of the soil that best explain the initial development of eucalyptus treated with limestone and lime sludge.
Material and Methods
This study was conducted in the cropping year 2014/2015, in Fazenda Bom Retiro the experimental area owned by Eldorado Brasil Celulose in the municipality of Três Lagoas, MS, located 20°27′ South latitude and 52°29′ West longitude. The average annual rainfall was 1,300 mm, and the average temperature 23.7 °C. The climate is type Aw (Alvares et al., 2013) , characterized as tropical humid with the rainy season in the summer and the dry season in winter. The soil was classified as an Entisol on the basis of the USDA Soil Taxonomy.
In March 2014, soil correction was conducted through the application of 2.0 Mg ha -1 dolomitic limestone with 30% CaO, 12% MgO and 85% RNV (relative neutralizing value) to raise base saturation to 50%, and later Eucalyptus urograndis clone E13 was planted at a spacing of 3.0 m between rows and 2.5 m between plants in a raw. The clone E13 was mainly characterised by a rapid growth in height and diameter promoting improved yield, wood of good quality, and vigorous trees. It also presents tolerance to alkalinity and development in sandy soils generally marked by low fertility and low water content.
In June 2014, the area was divided into three experimental grids (grid 1 = treatment with limestone, grid 2 = treatment with lime sludge + oxyfertil, grid 3 = control or no application of neither limestone nor lime sludge), each of approximately 2.0 ha. Grid 1 received 2.0 Mg ha -1 dolomitic limestone. Grid 2 received 2.0 Mg ha -1 lime sludge + oxyfertil containing 60% lime sludge and 40% oxyfertil. Lime sludge consisted of 24% CaO and 0.1% MgO, and oxyfertil consists of 60% CaO and 30% MgO. Grid 3 received no soil correction treatment. The applications of dolomitic limestone and lime sludge + oxyfertil were performed with a Tatu Marchesan model DCA 7500 spreader (Marchesan implements and Agricultural Machinery, Matão, Brazil) connected to a Valtra BM110 4 × 4 tractor (Valtractor Trade in Tractors and Agricultural Machines, Suolahti, Finlândia). The spreader was calibrated for each type of application.
X and Y directions of the Cartesian coordinate system were defined and general staking of the experimental grids was performed according to eucalyptus spacing. The experimental grid had 5 transections, each containing 10 collection points, totaling 50 sampling points in each experimental grid. Each transection followed the planting of eucalyptus in rows, and the spacing between soil and plant sampling points was 7.5 × 3.0 m.
Soil and plant characteristics were analyzed around each tree representing the sampling point three months after the application of the lime sludge + oxyfertyl and limestone and six months after planting eucalyptus. The plant characteristics evaluated were (i) the tree height (HEI), measured with a ruler graduated in meters, and (ii) the diameter at breast height (DBH) measured at 1.30 m from the ground using a digital caliper.
To determine the soil physical and chemical characteristics, deformed and undeformed samples of the soil were collected from 0-20 cm layer. The physical characteristics evaluated were (i) soil resistance to penetration (RP), (ii) gravimetric moisture (GM), and (iii) granulometry (sand, silt and clay). Penetration resistence penetration was determined according to the methodology of Stolf et al. (2014) , gravimetric moisture and granulometry according to the methodology described by Embrapa (2017).
The content of calcium (Ca 2+ ), magnesium (Mg 2+ ), potassium (K + ), aluminum (Al 3+ ) and phosphorus (P) availability were extracted with ion exchange resin and soil pH (CaCl 2 0.01 mol L -1 ) (Raij et al., 2001) . Organic carbon was determined using the methodology proposed by Embrapa (2017). Cation exchange capacity (CEC), base saturation (V) and aluminum saturation (m) were deducted from the analyses of the nutrient contents (Raij et al., 2001 ).
First, for each soil and plant characteristic, a descriptive analysis was performed through classical statistics using software R of public domain (R Core Team, 2017) . For multivariate statistics, three methods were applied: (i) hierarchical cluster analysis, calculates the Euclidean distance between the accesses, for the set of variables and for obtaining the groups of similar accesses; (ii) non-hierarchical cluster analysis (k-means), belongs to the class of non-hierarchical and unsupervised grouping methods. This method minimizes the variance of accesses within each group; and (iii) principal component analysis (PCA), it groups the original data into two latent orthogonal variables called principal components, which are linear combinations created with the two largest eigenvalues of the data covariance matrix. To reduce errors due to the scales and units of variables, all multivariate analyses were performed after standardization of variables, each with mean 0 and variance 1.
Principal component analysis was applied to all soil and plant characteristics to explain the multivariate structure contained in the initial data set; these components were extracted in order of decreasing importance in terms of contribution to explain the total variation of data (Silva et al., 2010a) . In this application, a smaller set was obtained of latent (non-measured), orthogonal variables without interrelation called principal components, which were generated from linear combinations between the original variables, based on the eigenvalues of the covariance matrix between data (Johnson & Wichern 2007; Hair Junior et al., 2009) .
The principal components with eigenvalues greater than 1 were considered (Kaiser 1958) . The coefficients of linear functions that define the principal components were used in the interpretation of their meaning, using the signal and the relative size of coefficients as an indication of the weight to be assigned to each variable, thus estimating its discriminatory power. These correlations were classified according to Coelho (2005) , where the criterion for the classification of eigenvectors-values that represent the weight of each character in each component ranging from -1 to +1-was: absolute value < 0.30: classified as not significant; 0.30-0.40: medium significance; and ≥ 0.50: very significant. Then, the variables with ≥ 0.50 (very significant) eigenvectors were submitted to a new PCA to rank the components with higher factorial load (score).
Subsequently, data were submitted to a hierarchical cluster analysis adopting the Euclidean distance as a measure of similarity between the samples and the Ward method as the cluster analysis method. After adopting a number of groups that best characterized the structure of the original data, a non-hierarchical cluster analysis was performed using the k-means algorithm (Hair Junior et al., 2009 ) to characterize the pattern of the variables from each group using the software Statistica 7.0 (Statsoft, 2005) .
Results
The mean values for Eucalyptus urograndis clone E13 were 3.43 m in the treatment with limestone, 3.51 m in treatment with lime sludge and 3.24 m in the control treatment (Table 1 ). The mean values of diameter at breast height were 3.0 cm for dolomitic limestone, 2.7 cm for lime sludge and 2.2 cm for control.
The mean values of soil resistance to penetration were 0.60 MPa in the treatment with limestone, 0.80 MPa with lime sludge, and 0.94 MPa in the control (Table 1 ). The gravimetric moisture was 0.03 kg kg -1 in all treatments, which was considered low.
The mean values for soil chemical attributes related to fertility presented low nutrient content in all treatments (Table 1) , except for calcium and magnesium in the treatment with limestone, which were 11.74 and 9.46 mmol c dm -3 , respectively.
According to Pimentel-Gomes and Garcia (2002) , the variability of an attribute can be classified according to the magnitude of its coefficient of variation. Height (HEI) presented medium variability for the treatment with limestone (CV = 20.14%) and lime sludge (CV = 18.23%) and high variability for the control (CV = 26.58%). The diameter at breast height (DBH) showed high under limestone and lime sludge applications with CV = 20.14% and CV = 23.45%, respectively, but a very high variability for the control (CV = 34.63%). Note. HEI = height of trees; DBH = diameter at breast height; RP = soil resistance to penetration; GM = gravimetric moisture; SIL = silt; P = phosphorous; OM = organic matter; pH = hydrogen potential; K = potassium; Ca = calcium; Mg = magnesium; Al = aluminum; SB = sum of bases; CEC = cation-exchange capacity; V = base saturation; m = aluminum saturation; CV = coefficient of variation; CK = coefficient of kurtosis; CA = coefficient of asymmetry.
The physical characteristics of the soil presented coefficients of variation from low to very high (Table 1) . Sand and clay presented low CVs, ranging from 0.82 to 7.21%. The coefficients of variation for soil resistance to penetration (RP) were medium to very high, and medium to high for gravimetric moisture (GM).
The variability of most chemical characteristics of the soil was very high. It was the cases for K, Ca, Mg, Al, SB, V, and m whose CVs ranged between 46.29% and 123.07% for the three treatments although the greatest variability, in absolute terms, was found for the control plots i.e. plots without soil corrective and/or fertilizer. The P, OM, pH, and CEC presented low to high variability as their CVs varied between 0.77% and 27.10%. In fact, the lowest CVs were recorded for the treatment with limestone and the high for the control.
The values of positive asymmetry for RP, P, OM, pH, K, Ca, Mg, SB, CEC, and V in both the limestone and lime sludge treatments were globally below the observed mean, with such trend becoming more expressive as values increased. An opposite situation was observed for negative values of asymmetry obtained for HEI, DBH, SIL, and m. The characteristics that presented a platykurtic distribution for the two treatments were RP, P, OM, K, Ca, Mg, and CEC. The GM, SIL, Al and m had a leptokurtic distribution in both the limestone and lime sludge treatments, showing that a minority of soil attributes has data close to the center in the frequency distribution graph.
In the principal component analysis, the first two principal components (PC1 and PC2) were considered as they can simultaneously retain enough the total information contained in the set of original variables for each treatment, which was defined by 18 attributes, allowing to illustrate their locations in a biplot (Figure 1 ). At first, 11, No. 7; the intention was to analyze the relationship between soil attributes and the different treatments. In the PCA, a set of plant and soil physical and chemical attributes was used for the 0-20 cm layer, considering the first two principal components only (Figure 1 ). These two main components explained 54.96% of the total variability contained in the parameters considered i.e. 35.19 and 19.77% for CP1 and CP2, respectively (Figure 1 ). Figure 1 . Biplot of principal components generated from the plant and soil 0-20 cm layer's attributes following applications of limestone, lime sludge, and control
Note. HEI = height of eucalyptus; DBH = diameter at breast height of eucalyptus; Ca = calcium content; pH = hydrogen potential; P = phosphorus content; OM = organic matter; Al = aluminum content; GM = gravimetric moisture.
The of plant and soil attributes in the treatment with limestone application are mostly in quadrant 4 (left side of the biplot), influenced by negative values of PC1 (Figure 1 ), which indicates high pH and high Ca at these points, as expected; in contrast, these samples presented low values of gravimetric moisture and aluminum ( Table 2 ).
The control was the most scattered among the treatments, mostly in quadrants 1 and 2 (right side of the biplot), that is, it presented a subgroup of points providing a contrast between Ca and pH, Al and GM, where, Al and GM presented high values influenced by positive values of PC1, while the treatment with lime sludge + oxyfertil was mostly in quadrant 2, a contrast between HEI, DBH and clay versus sand, influenced by negative values of PC2.
In the PCA with the variables of higher scores, two principal components were extracted, which accounted for 54.96% of the total data variability ( Table 2 ). The first component explained 35.19% of the total variability of the parameters analyzed from the experimental area, showing significant correlations with the GM, pH, Ca and Al for the 0-20 cm layer, where pH and calcium correlated negatively, while volumetric moisture and aluminum correlated positively. The second principal component explained 19.77% of data variability and showed significant correlations with diameter at breast height, sand, clay, phosphorus content, and organic matter of the soil. However, only sand had a positive correlation with the PC2, the other attributes correlated negatively. Note. *Correlations considered in principal component interpretation.
The correlation of variables and the plot for the principal components show the variables that best discriminated the formation and differentiation of the environments (Table 2 and Figures 1 and 2) . GM was responsible of separating the treatments of lime sludge + oxyfertil from limestone and control, while OM separated limestone from the other treatments (Figure 1 ). For the grouping in the limestone treatment, the attributes of stronger influence were sand, Ca, pH, then HEI, DBH and clay for the grouping in the treatment with lime sludge + oxyfertil, and both the Al and GM for the control, although more diffuse.
The dendrograms obtained from the hierarchical cluster analysis, in which the expressive variation in the Euclidean distance values between the accessions for the set of variables enables a division of groups in each treatment (Figure 2 ). The expressive variation in the Euclidean distance values between the accessions for the set of variables considered creates four groups for the treatment with limestone, two groups for the treatment with lime sludge + oxyfertil, and three groups for the control with homogeneous graphs.
In this analysis, the soil samples were grouped according to their degree of similarity, aiming to classify them into homogeneous groups (Figure 2 ). Then, a cutoff was used in the Euclidean distance of 9, 14 and 15 for limestone, lime sludge + oxyfertil and control, respectively. The use of the data set for the plant, physical and chemical soil characteristics allowed data arrangement into groups, according to the respective treatment. 43  46  45  42  44  32  23  47  4 3  12  11  9 16  20 8  19  15  14  13  10  18  6 5  27  35  25  40  24  39  37  31  17  48  30  29  49  38  2 26  28  22  50  36  21 7  33  41 Vol. 11, No. 7; Figure 4. Standardized means generated from plant and soil attributes for each group according to a non-hierarchical cluster analysis (k-means) for treatments with limestone, lime sludge and control in the 0-20 cm layer
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Discussion
The values of ALT and DAP of eucalyptus obtained at six months of age grown in a sandy soil agree with the literature. When analyzing the initial growth of Eucalyptus urograndis as a function of acclimatization and different soil texture (sandy with 85% sand and clayey with 60% clay), Lopes et al. (2011) observed at month six after planting that the eucalyptus cultivated in the clayey soil had a height development of 17.5% and DBH of 10.85% higher than the eucalyptus produced in sandy soil. On the other hand, Afzal et al. (2018) , when evaluating the initial development of eucalyptus in sandy and clayey soil, found no statistical difference between the two types of soil in both height and for diameter at breast height.
However, Afzal et al. (2018) report that clay soils should be cultivated with agronomic species and sandy soils with forest species. Forest species such as eucalyptus grow in several types of soil (sandy and clayey) because they have long roots that access nutrients and water at greater depths.
The soil in the study area presented RP below 2.0 MPa for the superficial layer of 0-20 cm .A value or range of critical values of soil resistance to penetration that restrict plant growth is desirable by several authors. There is no consensus in the literature on a critical limit for the development of the eucalyptus root system - Reichert et al. (2007) found values close to 2.5 MPa, Magalhães et al. (2001) found 2.2 MPa as the critical value of soil resistance to penetration, and Carvalho et al. (2012) reported values between 2.5 and 3.0 MPa are critical for the full growth of roots from forest species. .
The low compaction is due to soil spraying during soil handling for correction and eucalyptus planting. This fact was observed by Carvalho et al. (2015) , who found low soil resistance to penetration in young Eucalyptus urograndis planting on an Entisol in the Cerrado, with all values below 2.0 MPa in the soil surface layer. These results are probably due to the greater anthropogenic interference, that is, soil handling for silviculture of eucalyptus plantation, and the fact that Entisol has a weak structure, offering low soil resistance to penetration and lowsoil water retention. Vol. 11, No. 7; An entisol is characterized by a low natural fertility, but soil use and handling can alter its chemical characteristics . Considering the low fertility of these soils where the eucalyptus forests are being implemented, economic and environmentally viable alternatives should be adopted for the production of healthy plants for afforestation (Souza et al., 2017) . Silveira et al. (2001) proposed mean values for sandy soils cultivated with eucalyptus, where the levels of P (5.6 mg dm -3 ), OM (12.0 g dm -3
), pH (3.8), K (0.4 mmol c dm -3 ), Ca (2.8 mmol c dm -3 ) and Mg (0.9 mmol c dm -3 ) are ideal for the development of the species. The soil chemical levels obtained (Table 1) were below those recommended as levels set by Raij (2011) for agricultural crops and by Gonçalves et al. (2007) for eucalyptus cultivation. In terms of demands for nutrients, clonal species of eucalyptus require low nutrients when compared to most agricultural crops and even in relation to many fast-growing tree species (Rodrigues et al., 2016) . However, soil correction is needed when critical nutrient levels are below the recommendations for the species (Guimarães et al., 2015) .
The variability of height (HEI) and diameter at breast height (DBH) obtained agree with the results obtained by Rosa Filho et al. (2011) , who found 14.4% of variation when evaluating productivity and soil characteristics in a forest site of Eucalyptus urophylla.
Soil physical attributes varied from low to very high. This way, the granulometric parameters presented low coefficients of variation indication that the soil was homogenous on the other hand, the mean values for gravimetric moisture in both evaluated treatments and soil resistance to penetration in the treatments with limestone and lime sludge + oxyfertil were considered homogeneous and, for the control, heterogeneous, causing a mean value of low significance. Corado Neto et al. (2015) , when evaluating the spatial variability of a Entisol, explains that high coefficients of variation are due to variability of soil attributes.
The soil attributes presented high and very high CVs, which, according to Artur et al. (2014) and Lima et al. (2017) , is related to alterations caused by irregular fertilization, liming and high heterogeneity of average content of chemical attributes in the evaluated area. Such heterogeneity may have several causes, including soil classification (Entisol), soil formation process and water flow in the area.
In general, the coefficient of variation should be used as a parameter to validate the mean values obtained, since, according to Pimentel-Gomes and Garcia (2002), a coefficient of variation above 30% indicate the mean is not significant and values above 60% indicate a very heterogeneous data set, eliminating the reliability of the mean value. However, when below 30%, these data are homogeneous, and the mean value is significant and can be used as representative for the data obtained. However, as proposed by Pimentel-Gomes and Garcia (2002) , there is no specificity regarding the nature of the trial/treatments, the culture studied, the attributes analyzed and soil classification, which may be relevant in the interpretation of such measurement, considering that greenhouse experiments are not always associated with low CV, such as studies with vases and low fertility soils, like those found in the Cerrado (Amaral et al., 1997; Martins et al., 2015) .
Although the coefficients of asymmetry and kurtosis show the soil attributes have asymmetric distributions, the mean and median values of the studied variables were similar, indicating that data sets do not show marked asymmetry, they are close to a normal distribution. It may indicate that measures of central tendency are not mostly atypical values in the data set (Corado Neto et al., 2015) .
The principal component analysis (PCA), which explained 54.96% of data variability, is in agreement with those observed by Soares et al. (2016) , who report that, after this step, the results obtained through a multivariate analysis can be used as the most relevant variables in the characterization and planning of sustainable use of natural environments.
The groups identified by the principal component's analysis were similar to those found by Coscione et al. (2014) , which occurred according to the amount of residue applied to the soil, and as in this study, the groups were separated in their respective quadrants, and the control presented groups distributed in all quadrants. Oliveira et al. (2018) , when evaluating the spatial variability of chemical and physical characteristics of soils of different textures and different handling, identified groupings for each treatment, except for forest and pasture, which formed a single grouping.
Based on the groups obtained for eucalyptus and soil attributes, the biplot with the main variables, and the spatial distribution of the groups generated for limestone, lime sludge and control, the evaluation of these groups is improved when interrelated to the soil through its interpretation, spatial distribution and correlation with geomorphological properties (Oliveira et al., 2018) .
The biplot that characterized Al and GM as the attributes that most influence the development of eucalyptus was also observed by Silva et al. (2009) , who evaluated the impact of forest plantations using different tree species on physical and chemical characteristics in the Cerrado and found aluminum content, gravimetric moisture and soil porosity as the strongest influence on eucalyptus growth in conventional cultivation.
The grouping of soil classes into homogeneous groups is due to the fact that the applications of limestone and pulp residue for soil correction and alteration of the physical quality of the soil present a more homogeneous and less variable behavior for lime sludge and control (Silva et al., 2010b) .
The standardized mean values showed a trend in the areas of higher levels of Al, which also presented lower Ca and pH levels and, consequently, lower eucalyptus heights. These data agree with those found by Oliveira et al. (2017) , who evaluated the chemical characteristics of an Entisol soil in the Cerrado under different uses and covered with tree species and found that the higher the Al content in the soil, the lower the pH, resulting in a lower development of tree species.
High levels of Al tended to result in higher eucalyptus development; however, Foy et al. (1978) report that aluminum toxicity can lead to inhibition of cell division, membrane damage, alter DNA synthesis and mitosis, and change cell wall stiffness. However, Silva et al. (2012) , when studying eucalyptus resistance to aluminum, found that, depending on the amount of aluminum in the soil, it does not interfere in its development.
In general, multivariate techniques are very important tools as they show relations that cannot be observed through other statistical techniques, suggesting multivariate methods can be used more frequently in different applications.
Conclusions
The development of Eucalyptus (height and DBH) in sandy soil was satisfactory and can be compared with those grown in clayey soils.
The chemical attributes of the soil presented low levels of fertility in all treatments. The high variability of the physical and chemical characteristics can be attributed to the type of soil (Entisol). The attributes of gravimetric moisture, sand content, clay content, phosphorus content, organic matter, hydrogen potential, calcium content and aluminum content in the soil were the physical and chemical attributes that most influenced the development of eucalyptus, according to a multivariate analysis.
For a more comprehensive understanding of the behavior of soil attributes that may influence the development of eucalyptus, further studies should be conducted to analyze other types of soil and other amounts of soil correctives.
